In order to simulate surface runoff and flooding, one-dimensional (1D) overland flow networks can be automatically delineated using digital elevation models (DEM). The resulting network comprises flow paths and terrain depressions/ponds and is essential to reliably model pluvial (surface) flooding events in urban areas by so-called 1D/1D models. Conventional automatic DEM-based flow path delineation methods have problems in producing realistic overland flow paths when detailed highresolution DEMs of urban areas are used. The aim of this paper is to present the results of research and development of three enhanced DEM-based overland flow path delineation methods; these methods are triggered when the conventional flow path delineation process stops due to a flow obstacle. Two of the methods, the 'bouncing ball and buildings' and 'bouncing ball and A*' methods, are based on the conventional 'bouncing ball' concept; the third proposed method, the 'sliding ball' method, is based on the physical water accumulation concept. These enhanced methods were tested and their results were compared with results obtained using two conventional flow path delineation methods using a semi-synthetic test DEM. The results showed significant improvements in terms of the reliability of the delineated overland flow paths when using these enhanced methods.
Two-dimensional (2D) models, based on a mesh of triangular or rectangular elements covering the urban surface, also rely on DEM information and are already available (e.g. DHI ; MicroDrainage ; Innovyze ).
These models are, generally, more accurate; however they are significantly more computationally (time) demanding (Leitão et al. ) when compared with 1D models. The simulation run times of 2D models are highly dependent on the number of 2D mesh elements that represent the terrain surface. Overland flow simulation in urban areas require a detailed terrain surface representation, i.e. a large number of 2D mesh elements, which can lead to long simulation run times using conventional computers, not acceptable, for example, for real-time urban pluvial flood forecasting applications. Recent developments, such as the Graphics Processing Unit (GPU) technology, have been used to reduce 2D overland flow simulation run times (e.g. Kalyanapu et al. ; Innovyze ) . A different approach was presented by Simões et al. () in which 1D and 2D models are combined to simulate the overland flow, thus reducing the number of 2D mesh elements representing the catchment surface and, consequently, reducing the simulation run times.
Despite the benefits of 2D models to simulate overland flow, use of 1D models is still of interest for a number of flooding simulation purposes, such as early flood warning (Leitão et al. ) and emergency management. In this paper, the overland flow paths delineated are presented in the way they are used in 1D models.
When compared with overland flow networks in natural catchments, overland flow networks in urban catchments are often more complex, due to the number of man-made features (e.g. buildings, kerbs), which can significantly change the pattern of flow. In fact, both natural and manmade surface features have to be considered when modelling overland flow in urban areas. Hence DEM horizontal resolution (cell size for raster DEMs) has to be high enough to allow the accurate representation of buildings, roads, and other urban features affecting surface flow.
DEM cell sizes should be smaller than 5 m (Mark et al.
)
; a 1-2-m cell size is preferable (Prodanović et al. ) . Vertical resolution is also important when representing urban areas; street kerbs, for example, have a relevant role in overland flow routes; therefore, the vertical resolution should be higher than or equal to 0.10 m. According to these criteria, DEMs generated from contour lines and spot height points can be considered as representing the lower limit of the DEM resolution requirements. Other techniques, such as LiDAR (Light Detection and Ranging), that are able to generate DEMs of much higher resolution are, however, preferred. These three types of DEM, i.e. contour DEM, LiDAR DEM, and the SRTM (Shuttle Radar Topography Mission) DEM have been used by Leitão et al. () to analyse the effect of DEM resolution on the overland flow network generated by the methodology developed by Maksi-
One of the problems in implementing the AOFD methodology is that flow obstacles in DEMs, such as man-made features or DEM errors (e.g. pit cells and flat areas), significantly affect the generation of overland flow networks.
According to Lindsay & Creed () the errors obtained during DEM-based flow path delineation using high-resolution DEMs (e.g. 5 × 5 m or higher resolution) increase as DEM resolution increases due to increase of detail problems originated by DEM representation of urban artefacts (e.g. buildings, street kerbs) and DEM errors (e.g. pit cells and flat areas) that constitute obstacles to flow and stop the delineation process. In this paper, the results obtained using these enhanced methods are compared with the results obtained using two conventional DEMbased overland flow path delineation methods in order to evaluate their benefits.
METHODOLOGY
A semi-synthetic test DEM was used in the study presented in this paper to compare five DEM-based overland flow path delineation methods. Two of the tested flow path delineation methods, the rolling ball (Prodanović ) and bouncing ball (Boonya-aroonnet et al. ) methods, can be considered as conventional methods. These methods are used in this study to identify some of the main delineation issues when they are applied in urban areas and/or with low-quality DEMs. To deal with these issues, three new and enhanced methods were developed; they are called: (i) bouncing ball and buildings method; (ii) bouncing ball and A* method; and (iii) sliding ball/water accumulation method. These three methods are described in detail in this section.
The quality of the results obtained using the different DEM-based flow path delineation methods is assessed and visually compared by analysing the flow paths geometry in plan view and based on the Hausdorff distance metric (Hangouët ) . The Hausdorff distance is a measure to compare geographic subsets of a metric space and is defined as the maximum distance of a subset to the nearest point in the other subset (see Equation (1)):
where X and Y are subsets (of points, i.e. lines) and x and y are points of subsets X and Y, respectively. Two subsets are close in terms of the Hausdorff distance if every point of either subset is close to some point of the other subset. In this particular case, the Hausdorff distance metric is used in order to compare overland flow paths (i.e. polylines).
Test DEM
A semi-synthetic test DEM was created to evaluate the per- A flow path starting point was also identified in the DEM (see Figure 1 ). This point represents a sewer manhole from which water can leave the underground sewer system and reach the surface drainage system when the underground sewer system becomes surcharged.
Conventional overland flow path delineation methods
The conventional flow path delineation methods con- 
Bouncing ball method
The bouncing ball method (Boonya-aroonnet et al. ) is an attempt to resolve the delineation stopping problem when the rolling ball method reaches a flow obstacle (e.g.
man-made feature, pit cell or flat area) and stops. This method searches for a cell with a lower elevation than the stopping cell within a defined distance from the stopping cell, i.e. inside a buffer area. If a lower cell is found within the buffer area, then the stopping cell is linked to the lower cell by a straight line. After this step, the delineation by the rolling ball method is resumed from this lower cell. The size of buffer area largely depends on the quality of the DEM. If the DEM is 'noisy', i.e. with significant number of pit cells and flat areas, the buffer area has to be larger. The best method to assess the size of the buffer area is to find for which aggregated (averaged) DEM pixel size the slope direction is gentle and continuous; the buffer area can then be defined as two or three times that pixel size. Another method is simple by trial and error: start with the buffer area three to five times the DEM pixel size, and then delineate flow paths. If not all paths are finished, the buffer area must be enlarged.
Enhanced overland flow path delineation methods
The rolling ball method will produce good results in delineation of flow paths using hydrologically corrected DEMs. ball method when this method stops the delineation process due to a DEM error or a real flow obstacle. Tests and comparisons between the conventional and enhanced methods are performed using the semi-synthetic test DEM presented above.
Bouncing ball and buildings method
As shown in Figure 2 
Sliding ball/water accumulation method
The sliding ball/water accumulation method combines the rolling ball flow path delineation method with another 
RESULTS
In Figure 6 , an illustration of the results obtained by the Although the results illustrated in Figure 6 show that the flow path is completed and does not cross the flow obstacle (a small building, in this case), it is clear that the flow path is significantly diverted from the point where its delineation would stop using the rolling ball method (see Figure 2(a) ).
This is due to the fact that the lower cell found within the A problem that can occur when using the bouncing ballbased methods (i.e. bouncing ball and buildings and bouncing ball and A* methods) is that in some cases no lower elevation cells are found within the buffer area; in this case, the flow path will not be completed.
In Figure 8 , the flow path obtained using the sliding ball/water accumulation method is shown. This method does not avoid crossing flow obstacles. However, unlike the enhanced bouncing ball-based methods (bouncing ball and buildings and bouncing ball and A* methods), the sliding ball/water accumulation method also solves the problem of not finding a lower cell within the buffer area.
Four sets of flow path cross-sections were analysed in order to compare the flow paths obtained using Using the hand delineated (Manual) flow path crosssections as reference, the major differences are observed for cross-sections of the flow path obtained using the bouncing ball and buildings method; these differences are more significant for the 1/4 and 1/2 cross-sections.
DISCUSSION AND CONCLUSIONS
The The length of the flow paths obtained using all delineation methods are similar (see Table 1 ), except for the flow path delineated using the rolling ball method; this is expected because this method is the only one that does not produce a complete flow path. The flow path obtained using the bouncing ball method is complete but does cross with an elevation lower than the stopping cell exist within the buffer area; these problems can be resolved using the sliding ball/water accumulation method.
The Hausdorff distance calculated for the flow path delineated using the sliding ball/water accumulation method was 3.9 m, the smallest value among the values obtained by the flow path delineation methods considered in this study. The sliding ball/water accumulation method is based on a physical hydraulic explanation: water accumulating in a depression. However, the differences in the length are slightly higher than the differences obtained for the bouncing ball-based enhanced methods.
Computational time for flow paths delineated using the three enhanced flow path delineation methods in this study was similar and very short (less than 1 s). However, for longer paths in which the delineation using the rolling ball algorithms stops a few times, the delineation process can take a few minutes; this was experienced in several real cases (Allitt et al. ; Leitão ).
In order to deal with the cases in which a lower cell does not exist within the buffer area when using an improved bouncing ball method, the enhanced methods can be combined; this integration is currently being developed by the authors.
Although the flow paths delineated using the enhanced methods presented in this paper are diverted from the nonautomatic delineated flow path, in all three cases the resulting flow path finishes at the same sub-catchment outlet, the sub-catchment exit point. If a flow path delineated using one of the enhanced methods would jump too far from the natural flow path, it could enter into a neighbouring sub-catchment and, in that case, the exit point would not be the same; this can happen when using the bouncing ball-based methods, especially in the case of long/large flow obstacles, such as walls and long buildings or when the buffer area set to search for the lower cell is too large. If this occurs, the resulting overland flow network may not represent the real overland flow conditions. The Slope and Hausdorff distance were not calculated because the flow path delineation was not complete.
